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Evidence of non-random mutation rates suggests an
evolutionary risk management strategy
Iñigo Martincorena1, Aswin S. N. Seshasayee1{ & Nicholas M. Luscombe1,2,3,4

A central tenet in evolutionary theory is that mutations occur
randomly with respect to their value to an organism; selection then
governs whether they are fixed in a population. This principle has
been challenged by long-standing theoretical models predicting
that selection could modulate the rate of mutation itself1,2.
However, our understanding of how the mutation rate varies
between different sites within a genome has been hindered by tech-
nical difficulties in measuring it. Here we present a study that
overcomes previous limitations by combining phylogenetic and
population genetic techniques. Upon comparing 34 Escherichia
coli genomes, we observe that the neutral mutation rate varies by
more than an order of magnitude across 2,659 genes, with muta-
tional hot and cold spots spanning several kilobases. Importantly,
the variation is not random: we detect a lower rate in highly
expressed genes and in those undergoing stronger purifying selec-
tion. Our observations suggest that the mutation rate has been
evolutionarily optimized to reduce the risk of deleterious muta-
tions. Current knowledge of factors influencing the mutation
rate—including transcription-coupled repair and context-dependent
mutagenesis—do not explain these observations, indicating that
additional mechanisms must be involved. The findings have
important implications for our understanding of evolution and
the control of mutations.

The question of whether spontaneous mutations occur randomly
has attracted great interest for decades1–6. The answer has fundamental
implications for evolutionary theory as well as for our understanding
of pathogen evolution and certain human diseases. Mutation rates can
be modulated by at least three selective forces that can vary in strength
depending on genomic location: the cost of deleterious mutations, the
need for adaptive mutations, and the cost of fidelity in DNA replica-
tion and repair4,6. Thus, although mutations are generally assumed to
occur independently of their fitness effect, it is conceivable that local
mutation rates themselves might evolve, resulting in genomes whose
mutations occur non-randomly: more frequently where they are more
often advantageous and less frequently where they are most deleterious.
Currently, however, there is little evidence that local mutation rates
have been optimized during evolution, with the limited exceptions of
bacterial contingency loci and somatic hypermutation in the vertebrate
immune system.

Our understanding of how the mutation rate varies along a genome
has been restricted by the lack of reliable approaches to measure local
mutation rates on a large scale. Experimentally, absolute mutation
rates can be determined using gene reporters in fluctuation tests, but
these are unsuitable for measurements in native genes. Alternatively, in
theory, relative mutation rates can be estimated from the accumulation
of mutations at selectively neutral positions. Indeed, synonymous or
non-coding sites are often used as proxies7,8 and intriguing correlations
between local synonymous substitution rates and gene function or
fitness cost have been reported8,9. However, because selection can act
on these sites through factors like codon-usage preference, RNA-folding

stability and cis-regulatory elements, interpretation of these observa-
tions in support of optimized mutation rates has remained contentious.

Traditional studies comparing two species suffer from the fun-
damental limitation that the effects of selection and mutation rate
on sequence divergence cannot be distinguished. However, as the
two processes leave distinct patterns of polymorphisms, population
genetic techniques can be applied to disentangle their relative contri-
butions10–12. In examining more than 120,000 single-nucleotide poly-
morphisms across 34 E. coli strains, we exploited this fact to quantify
the heterogeneity of the local mutation rate and to test for evidence of
evolutionary optimization. Multiple alignments of 2,930 orthologous
genes passed stringent phylogenetic filters checking for artefacts like
interspecies gene transfer, orthologue misidentification, sequencing
errors and misalignments (Supplementary Information, section 2.2).
Using these alignments, we then calculated the synonymous diversity
of each gene (hs 5 2Nm) (Methods and Supplementary Information,
section 2.1).

Figure 1a immediately highlights the marked variability in the density
of synonymous polymorphisms along the E. coli genome. Although the
mean synonymous diversity (hs) is 0.04, these values vary by more than
an order of magnitude from less than 0.002 to more than 0.10 depending
on the gene (Fig. 1a–c, f). The observed heterogeneity is much larger
than expected under a regime of uniform mutation rate alone (Fig. 1f
and Supplementary Information, section 6.1).

The synonymous diversity also shows signs of regional organization
(Fig. 1b, c). Mutational hot and cold regions often span entire operons,
indicating that gene function has a large effect on hs. Neighbouring
genes tend to have similar hs values, particularly when they are
encoded on the same strand and share common functions (Fig. 1g).
A weaker correlation is also apparent for genes with distinct functions
and on opposing strands, suggesting that synonymous diversity is
affected by regional factors at a resolution of few kilobases.

Although the observed variation in hs is suggestive, selective and
non-selective processes other than mutation rate can also influence
synonymous diversity. Synonymous sites in E. coli are known to
experience purifying selection. The best evidence for this is the nega-
tive correlation between inter-species synonymous divergence (dS)
and codon usage bias (CUB) (R2 5 0.31 for E. coli–Salmonella enterica,
Supplementary Fig. 7)13. In contrast, within-species diversity in E. coli
(hs) does not correlate with CUB (R2 , 0.01, Fig. 2a) demonstrating
that, contrary to dS, the variation in hs is largely neutral with respect to
codon usage.

To explain this unexpected result, we applied a mutation-selection-
drift model to estimate the strength of selection acting on codon
usage14 (Supplementary Information, section 3.1.1.2). In agreement
with previous reports15, we find that this is relatively weak for most
genes (cmean 5 20.41, cstd 5 0.40, Fig. 2b). These estimated selection
coefficients are too small to affect within-species hs substantially, but
large enough to affect inter-species dS14 (Fig. 2a and Supplementary
Fig. 8). The other prominent source of selection at synonymous sites,
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mRNA-folding stability in the 59 end of genes16,17, does not explain the
variation of hs either (Supplementary Information, section 3.1.2).

In addition to direct selection, positive and purifying selection at
linked sites (known as hitchhiking and background selection, respect-
ively) affect local neutral diversity in eukaryotes18. However, these
processes have no effect on synonymous diversity here. Hitchhiking
would at most result in lower hs in regions under positive selection,
which is inconsistent with our observations (Supplementary
Information, section 3.1.4). Furthermore, in bacteria where recom-
bination occurs without crossovers and instead resembles gene con-
version19, partial linkage is conserved throughout the entire genome
(Supplementary Figs 11 and 16) and background selection cannot
preferentially reduce local hs values (Fig. 2c and Supplementary
Information, section 3.1.4).

The results so far indicate that, contrary to dS, the genome-wide
variation of hs is largely neutral with respect to the strongest known
selective forces at synonymous sites in bacteria and that much stronger
forces are needed to bias hs significantly. Nevertheless, to account for
any possible source of selection, including unknown ones, we applied
neutrality tests based on the site-frequency spectrum (Tajima’s D, and
Fu and Li’s D and F), which provide relative measures of selection that
are independent of the local mutation rate (Fig. 2d)19. Using realistic
forward simulations of genomes undergoing non-crossover recom-
bination and variable amounts of selection, we studied the impact of
selection on hs and the allele spectrum. The tests show that Tajima’s D
would detect any traces of selection strong enough to bias h
(Supplementary Information, section 3.1.3).

Regression on Tajima’s D at synonymous sites (TDsyn) indicates
that selection from all sources explains less than 5% of the variance
in hs (Fig. 2e), even accounting for the noise in estimating TDsyn using
few polymorphisms (Supplementary Fig. 9). This is in agreement with
the independently obtained observations above that CUB and mRNA-
folding stability have minimal impact on the observed variation of hs.

We also explored the influence of non-selective factors on hs, includ-
ing GC content and within-species homologous recombination. All
potential biases together only account for 20% of the variation in hs

(Fig. 2e), suggesting that there is a large underlying variation in the
neutral mutation rate along the E. coli genome.

Despite the weak association between the above factors and hs, we
eliminated these small biases using locally weighted scatterplot
smoothing (LOWESS) regression for 2,659 genes (Fig. 2f,
Supplementary Fig. 19 and Supplementary Information, section 3.4)
to avoid ambiguity in the interpretation of the functional associations
below. We challenged the regression approach using a cross-validation
test (Fig. 3e, top panel, and Supplementary Information, section 3.1.3.6)
and extensive forward simulations (Supplementary Information,
section 3.1.3.8). They showed that selection bias on hs can be compre-
hensively removed by regression on TDsyn even in evolutionary regimes
with strong linkage disequilibrium, gene conversion, non-random
sampling of bacterial strains and stronger selective forces than those
observed here (Supplementary Information, section 3.1.3, and
Supplementary Figs 12–14). Thus, the genome-wide variation of the
corrected hs9 values can be considered effectively neutral.

To assess whether the genome-wide variation in mutation rate
shows signs of evolutionary optimization, we studied the association
between hs9 and the strength of purifying selection on the protein
sequences (TDnon). Figure 3a provides initial evidence of the asso-
ciation between the neutral mutation rate and selection: namely, that
proteins under stronger purifying selection experience a lower rate.

We then studied the relationship between the mutation rate and
functional genomic data for E. coli K12. Genes with lower hs9 tend to
be essential for survival in rich media20 compared with those of higher
hs9 (Fig. 3b). Furthermore, mutationally cold genes generally encode for
vital cellular functions such as processes related to central energy meta-
bolism and the respiratory chain (Supplementary Table 1). Mutationally
hot genes are associated with metabolic pathways expressed at lower
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Figure 1 | Synonymous diversity along the E. coli genome is heterogeneous.
a, Distribution of the 2,930 hs values (using hs

W, see Supplementary
Information, section 6.1) plotted along the E. coli K12 MG1655 genome
showing that synonymous diversity is highly variable. The red lines indicate the
upper and lower 2.5% limits of the expected distribution under a regime of
uniform mutation rate. Forty-one per cent of hs

W values fall outside of the
expected range. b, c, Details of two mutational hot and cold regions displaying
the genomic coordinates, annotated genes and their respective hs values. Each
gene is shown as a black box on the sense or anti-sense strands (grey for genes
with no hs available). Green horizontal lines indicate operons, labelled by the
name of their lead gene. d, e, Multiple-sequence alignments of 180-base-pair

segments of two genes, (d) dps (hs 5 0.008; TDsyn 5 0.35; RNA-Seq
level 5 139.9), and (e) phnL (hs 5 0.136; TDsyn 5 0.33; RNA-Seq level 5 1.4).
f, Probability density distributions of hs values: observed (black) and expected
under a uniform mutation rate alone (red). g, Fitted lines showing the decay of
the correlation between pairs of hs values with their genomic distance.
Neighbouring genes tend to have similar hs, particularly if they share similar
functions and they are encoded on the same strand (red line). Weaker but
significant correlations are apparent even for functionally unrelated genes
(blue) and those on opposing strands (dotted lines). An analogous pattern is
observed for hs9 (Supplementary Fig. 22).
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levels or used less frequently, such as amino-acid biosynthesis and
catabolism of specific compounds. Interestingly, hot genes do not
include antigens and other genes expected to experience frequent
positive selection; in fact, we were unable to detect any association
between hs9 and the density of sites under positive selection (Sup-
plementary Information, section 6.4, and Supplementary Fig. 23).
Thus, together our observations suggest that purifying, rather than
positive, selection has driven the evolution of the mutation rate along
the core E. coli genome.

Next, we studied the relationship between mutation rate and gene
expression using transcriptomic (RNA-Seq) and RNA-polymerase-
binding data (Supplementary Information, section 2.4). There is a
clear negative correlation between hs9 and transcription levels
(Fig. 3c), with the coldest genes (bottom 5% hs9) showing nearly fourfold
higher transcription than the hottest (top 5% hs9). Earlier studies have
reported associations between dS and expression levels, but they were
generally accompanied by correlations with CUB reflecting the action of
selection13. Other studies accounting for CUB also suggested that the
mutation rate is lower at highly expressed genes21, but the roles of
additional sources of selection remained unresolved. Our data now
demonstrate this in the absence of confounding biases.

Finally, because functional properties are often related to expression
levels, we performed a multiple regression analysis. This confirmed
that the mutation rate independently associates with expression levels,
selection on protein sequence and gene function (Supplementary
Information, section 6.7).

Given that the process of transcription is known to be mutagenic22–24,
the negative association between expression and mutation rate is un-
expected. This implies the presence of compensatory mechanisms that
preferentially protect or repair highly expressed loci in E. coli. Indeed,
we do detect the action of the transcription-coupled repair pathway25

(Fig. 3d). However, this mechanism alone is insufficient, because the
non-transcribed strand also displays a dependence between expression
and mutation rate (Fig. 3d), and molecular experiments have reported
that transcription-induced mutagenesis occurs in the presence of
transcription-coupled repair. Therefore additional mechanisms that
generally target highly expressed genes, but are not directly coupled
with the transcriptional machinery, must exist.
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Figure 3 | Variation in the mutation rate shows functional dependence.
a–c, Box- and bar-plots displaying the relationship between gene function and
mutation rate. Genes were classified as displaying from very low (less than the
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correspond to (a, c) Wilcoxon rank-sum test and (b) Fisher’s exact test. a, Genes
with higher mutation rate tend to experience weaker purifying selection at the
protein level (measured using TDnon for genes with at least five non-
synonymous single nucleotide polymorphisms). b, Genes with lower mutation
rate show greater tendency to be essential for survival in rich media. c, Genes
with lower mutation rate are generally more highly expressed (using RNA-Seq
data from E. coli K12, Supplementary Information, section 2.4). The central
mark of each box-plot represents the median, the edges of the box are the 25th
and 75th centiles, and the notches are the 95% confidence interval of the
median. Whiskers extend to the most extreme data points within the range.
Dots show outliers. d, Fitted lines showing the relationship between hs9 per
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shown as we used a reversible evolutionary model. Because the C-to-T
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after/R
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of hs values at different levels of correction, showing that results are unaffected
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Figure 2 | Selective and non-selective factors have only small effects on the
variation of hs. a, Within-species hs does not display the traditional strong
correlation with codon usage bias. Only a small fraction of genes with extremely
high CUB display a certain decrease in hs from selection on codon usage.
b, Histogram of the weighted average selection coefficient for each gene. These
values of c are too small to cause significant deviations of hs (see also
Supplementary Fig. 8). c, Effect of background selection on the relative local
neutral diversity in forward simulations. Background selection cannot affect the
local variation of neutral diversity in the presence of non-crossover
recombination. Circles represent median values and error bars show the 95%
confidence interval of the medians. d, Probability density distribution of
normalized Tajima’s D at synonymous (TDsyn; blue) and at non-synonymous
sites (TDnon; black) across all genes. The distributions indicate strong purifying
selection at non-synonymous sites relative to synonymous sites. e, Bar plots
displaying the proportion (R2) of the variance of hs explained by five selective
and non-selective potential biasing factors. All factors combined explain
around 20% of the variance in hs. Their effect is eliminated from hs9 after
LOWESS correction. f, Scatter plot showing the correlation between hs and hs9.
Removal of the potential biases has only a moderate effect on the overall
variation of hs. Analogous results are obtained with or without the adjustment.
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Our observations suggest that purifying selection has driven the
evolution of the local point mutation rate in E. coli to reduce the risk
of deleterious mutations. This contrasts with most earlier theoretical
work that proposed variants of bet-hedging in which frequent positive
selection in changing environments leads to the emergence of hyper-
mutators1–3. Instead our observations are in line with an evolutionary
risk-management strategy26 in which sustained stronger purifying
selection at specific genes favours individuals with preferential protec-
tion or repair at these loci, even at a cost of reduced protection of other
genes (see Supplementary Information, section 4.3, for a detailed
description of the model). In this way, the rate of deleterious mutations
in the genome can be efficiently reduced without excessive investment
in protection or repair. In addition, this could increase the rate of non-
deleterious mutations, so raising the adaptive potential of the popu-
lation in case of an environmental change.

We can only speculate about the molecular mechanisms underlying
the localized reduction in spontaneous mutations. DNA-binding
proteins and DNA repair pathways are obvious candidates, especially
as there is increasing evidence for locus-dependent control of the
latter27,28. In eukaryotes, the best-known sources for mutation rate
heterogeneity are sequence dependent; however, analysis of sequence-
enrichments around our data set of synonymous polymorphisms
provided little indication of context-dependent mutagenesis (Sup-
plementary Fig. 24).

Surprising negative correlations between expression and the numbers
of substitutions were recently reported in several human cancers, for
which both mutational29 and selective30 interpretations have been pro-
posed. Understanding the extent and mechanisms of the modulation of
the local mutation rate in different organisms will be important for
research into evolution, human diseases, mutagenesis and repair.

METHODS SUMMARY
A total of 3,420 one-to-one orthologues present in at least 26 (75%) of 34 E. coli
strains were identified by a strict reciprocal best BLAST-hit approach. They were
aligned using PRANK-F with a codon substitution model. Multiple phylogenetic
filters were applied to discard alignments potentially affected by artefacts.
Extensive quality controls were performed on the remaining 2,930 alignments.
A hs value was calculated for each alignment using a codon model (OmegaMap).

CUB was calculated using the codon adaptation index or the fraction of optimal
codons. The scaled selection coefficients (c 5 2Ns) of selection on codon usage
were estimated as in ref. 14. To minimize the impact of selection on mRNA
folding, all analyses were repeated after trimming the ends of alignments yielding
analogous results. Tajima’s D was used to estimate selection from any source, and
the sensitivity of the approach was tested by multiple independent tests including
forward simulations (Supplementary Information, section 3.1.3). The variation of
hs explained by selective and non-selective biases was removed in 2,659 genes
using nonlinear LOWESS regression. This set was used in all functional analyses.

The corrections were challenged using cross-validation tests and extensive
forward simulations. The cross-validation showed that TDsyn biases can be
removed to near completion and that increased removal of selection bias does
not affect the functional results (Fig. 3e). SFS_CODE was used to simulate multiple
populations of genomes comprising 11 loci under different levels of purifying and
diversifying selection, and subject to realistic levels of mutation and non-crossover
recombination. For background selection and hitchhiking we simulated coding
sequences with selection acting only at non-synonymous sites, and quantified its
impact on neutral diversity at synonymous sites under crossover recombination or
gene conversion. Homologous recombination was estimated independently by
linkage disequilibrium and phylogenetic consistency, yielding analogous results.
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